Abstract Recently the Ministry of Environment in Korea has developed the total maximum daily load program in accordance with the target pollutant and its concentration goal on four major large rivers. Since the program is largely related to regional development, nonpoint source control is both important and topical. Of the various nonpoint sources, highways are stormwater intensive land uses since they are impervious and have high pollutant mass emissions from vehicular activity. The event mean concentration (EMC) is useful in estimating the loadings to receiving water bodies. However, the EMC does not provide information on the time varying changes in pollutant concentration or mass emissions, which are often important for best management practice development, or understanding shock loads. Therefore, in this study a new concept, the dynamic EMC determination method, will be introduced to clearly verify the relationship between EMC and the first flush effect. Three monitoring sites in Daejeon metropolitan city areas were equipped with an automatic rainfall gauge and a flow meter for accumulating the data such as rainfall and runoff flow. The dynamic EMC method was applied to more than 17 events, and the improved first flush criteria were determined on the ranges of storm duration and accumulated rainfall.
Introduction
The first flush phenomenon is an important factor for selecting the best management practice (BMP) in paved areas. The definition of first flush is generally related to the observation of high concentrations of suspended sediments within the first part of the storm. However, the lack of consensus over first flush definitions has created a debate over the existence of first flush. Vorreiter and Hickey (1994) defined a first flush phenomenon in terms of the pollution load in the first 25% of the event volume. Saget et al. (1996) and Bertrand-Krajewski et al. (1998) concluded that a first flush exists when at least 80% of the pollution mass is transported in the first 30% of the runoff volume. Ma et al. (2002) proposed a continuous criteria and nomenclature for mass first flush. They suggested that the MFF n ratio be used, where n represents the volume of runoff in percent. The value of the ratio is the mass discharged in the first n% of the runoff divided by the total mass runoff.
The pollutant concentrations washed off from nonpoint sources are quantified with event mean concentrations (EMCs). This is defined as the total mass load of a pollutant from a site during a storm divided by the total runoff water volume discharged during the storm. The EMC is especially valuable for estimating pollutant loads. However, the EMC does not provide information on time varying changes in pollutant concentration or mass emissions. In paved land uses, the first flush effect is an important phenomenon for selecting of the BMPs by providing the economical treatment criteria. In fact, even though the EMC should be reflected in the first flush effect, there have been no references about the relationship (Kim et al., 2005a,b) . Therefore, this research will suggest a new concept verifying the relationship between the EMC and the first flush effect. The concept will also be used to determine the first flush criteria in a highway land use.
Methods
Three monitoring stations were established on highways in Daejeon metropolitan city area, Korea (Figure 1 ). The rainfall, runoff rate and runoff quality were monitored with one-minute time interval to quantify the changes. The sites were equipped with recording flow meter and rainfall gauge and flow-proportional automatic sampler for taking composite water samples. Four-litre grab samples were also collected. Generally five samples were collected in the first hour. The first sample was collected at the very beginning of runoff and additional samples were collected each hour until the end of runoff. EMCs were calculated by integrating the product of runoff rate and concentration (Kim et al., 2004) . A large suite of water quality parameters was measured, including oxygen demand parameters, metals, nutrients and ions. As shown on Table 1 , the event rainfall ranged from 6.9 mm to 61 mm and antecedent dry days ranged from 1.8 to 20 days.
Definition of EMC and dynamic EMC
Usually the EMC is using for determining the mass loading to receiving waters. However, it is not easy to determine the EMCs because of various uncertainties. The sources of uncertainty are broadly caused by uncertainties in rainfall intensity and magnitude, experimental errors, and lack of sufficient data. As shown in Equation 1, the well-structured monitoring program will only give the reasonable data for estimating EMCs. 
EMCðmg=LÞ
where, C(t) is pollutant concentration and q run (t) is runoff flow rate discharged at time t. First flush effect is usually observed in paved area such as highways and its existence can influence the selection of BMPs. However, the key problem of the EMC is how to express the first flush effect in a paved area. Therefore, we adapted a new concept to find the relationship between EMC and first flush effect. We called it 'dynamic EMC' as shown in Equation 2. It can be conveniently used to determine the first flush criteria. 
Results and discussion
Ranges of monitored concentration during total storm periods Pollutant concentration often declines over time, which tends to create a greater emission rate at the beginning of runoff. This phenomenon is often called a "first flush", and the existence of a first flush can influence the selection of best management practices. The decline in concentration is sometimes offset by an increasing runoff rate as a storm progresses. The first flush effect was visibly confirmed in most storm events. The pollutant concentrations during storm periods ranged from 11.5 mg/L to 4,090 mg/L for TSS, from 12 mg/L to 1,720 mg/L for COD and from 0.2 mg/L to 67.5 mg/L for oil and grease. The 95% confidence intervals show the ranges of 154.7-257.1 mg/L for TSS, 138.9-197.6 mg/L for COD and 3.5-6.4 mg/L for oil and grease. The large range shows the difficulty of predicting EMCs for even a single land use type. Also the hydro-and polluto-graphs show rapid concentration declines during the first 30-60 minute storm duration ( Figure 5 ). A point of diminishing returns can be envisaged for BMPs that are sized on the basis of flow rate, or total volume treated. Each subsequent volume fraction provides less opportunity for removal.
Statistical concentration changes in the first 1-hour
The statistical concentration analysis during the first 1-hour storm duration was performed as shown in Figure to 277.2-185.4 mg/L during an hour. On the basis of this result, the first flush criteria were determined to early 20-30 minute storm duration and 5-8 mm accumulated rainfall.
EMCs of washed-off pollutants in highway landuse
The EMCs were determined using Equation 1 and summarized in Figure 3 Figure 3 also shows the metal EMCs in highway stormwater runoff. The mean EMC is 7.8 mg/L for total Cr, 271.1 mg/L for total Cu, 32.3 mg/L for total Ni, 21.6 mg/L for total Pb and 249 mg/L for total Zn. The 95% confidence intervals are ranged 6.01 -9.54 mg/L for total Cr, 120.1-422.1 mg/L for total Cu, 18.9 -45.8 mg/L for total Ni, 11.1 -32.0 mg/L for total Pb and 94.9 -403.7 mg/L for total Zn. Generally the differences between minimum and maximum EMC are large because of event and site characteristics, such as rainfall intensity and duration and ADD. Smaller EMCs are associated with larger storms and runoff volume due to the dilution effect. However, the average rainfall intensity dose not influence the EMC value. 
Dynamic EMC and first flush phenomenon
The pollutant EMCs can be used to estimate pollutant loadings from highways. These estimates could be useful in developing TMDL (total maximum daily load) allocations. However, there is the shortcoming that the EMC cannot explain the first flush phenomenon. As stated before, when a first flush exists, BMPs that can capture and store the first runoff, while bypassing later, less contaminated runoff are more effective. Therefore, the first flush effect is important in paved areas. In order to explain the first flush effect, a new concept, the dynamic EMC determination method, will be introduced.
Equation 2 is used to calculate the dynamic EMCs. Figure 4 shows the results of first flush phenomenon and dynamic EMCs. When a first flush exists such as Figure 4(a) , the dynamic EMC is rapidly declined within the early 20 -50 minutes of runoff duration because of the first flush effect. And, finally it approaches and ends with the general EMC value. The ranges of accumulated rainfall within the early 20 -50 minutes of runoff duration is determined to 5-10 mm. Figure 4 (b) also shows the example of non-first flush phenomenon and dynamic EMCs. In the most of the storm events during monitoring periods, the first flush effect exists because of the small catchment area.
First flush criteria for BMP selection Figure 5 shows the examples of the hydro-and polluto-graphs explaining the first flush phenomenon. It also shows the comparison of measured concentrations and determined dynamic EMCs. The measured concentrations and the dynamic EMCs display the same tendency. At initial storm periods, the value of measured concentration is usually higher than that of dynamic EMC. However, after 20 -50 minute storm duration, the values of measured concentration and dynamic EMC are showing very similar values. The ranges of accumulated rainfall during the early 20-50 minutes are determined to 5-10 mm, which can be the first flush criteria. 
Conclusions
This research was performed for estimating total pollutant mass loadings from highway landuses in Korea. A new concept, dynamic EMC, is introduced to access and to explain the relationship between first flush effect and EMCs. The conclusions drawn from this research can be summarized as follows: first, in highway areas, the first flush effect occurs before the maximum rainfall intensity. Secondly, the hydro-and polluto-graphs show the concentration of pollutants declines rapidly during the early 20 -60 minutes. Thirdly, the 95% statistical confidence intervals of EMC are determined to 45.5 -125.8 mg/L for TSS, 52.0-95.5 mg/L for COD, 1.41 -4.5 mg/L for oil and grease, 1.77 -4.48 mg/L for TN and 0.29 -0.54 mg/L for TP. Finally, the dynamic EMCs can be used to determine the first flush criteria. The dynamic EMCs declined rapidly during the early 20 -50 minute storm duration and finally approached to the EMC value. The accumulated rainfall at the storm duration is in the range 5-10 mm. 
